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Abstract 
Stability of microstructure of ultrafine-grained materials under cyclic loading is a crucial condition for their good 
fatigue performance. Changes of microstructure due to fatigue in bulk, localization of cyclic plasticity into cyclic slip 
bands and related development of microstructure were experimentally studied on ultrafine-grained copper prepared 
by equal channel angular pressing. 
Different reaction of ultrafine-grained structure to plastic strain-controlled and load-controlled tests was found. The 
different susceptibility to dynamic grain coarsening under load and plastic strain-controlled tests reported in literature 
cannot be explained by differences in purity or details of equal channel angular pressing. The localization of the 
cyclic plasticity and the development of cyclic slip bands resulting in fatigue crack initiation take place in material 
volumes which can be characterized as “near by oriented” regions. They correspond to the shear bands, which are 
characteristic for ultrafine-grained structure after equal channel angular pressing. 
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1. Introduction 
Fatigue strength of engineering materials is one of the crucial properties, which has to be considered in 
engineering applications exposed to cyclic loads. That is why fatigue and its mechanisms have been 
investigated for many years. There is an extensive knowledge on fatigue properties and behaviour of 
classical engineering materials, which can be found in a number of textbooks and survey publications. 
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However, the extensive knowledge on fatigue and its mechanisms, based predominantly on research on 
these materials, cannot be directly transferred to advanced materials developed in recent decades. It holds 
for ultrafine-grained (UFG) materials in an exemplary way. UFG materials prepared by equal channel 
angular pressing (ECAP) exhibit in comparison with the conventional grain (CG) size metals and alloys 
substantially higher tensile properties and sufficient ductility. According to the general knowledge based 
on CG materials they should exhibit also substantially better fatigue performance. This expectation is 
fulfilled only partially in reality. It holds under the proviso that the UFG structure remains sufficiently 
stable during the cyclic loading, i.e. that the cycling does not result in any substantial grain growth. 
However, the cyclic loading results in gradual rearrangement of dislocation substructure and activates 
processes, which can result in recovery and dynamic grain coarsening. High level of stored energy and a 
metastable state of severely plastically deformed materials is a favourable prerequisite for this process. 
Hence, the strain localization, fatigue crack initiation and subsequent crack growth resulting in final 
fracture in UGF materials may be accompanied by structural instability. The knowledge on the effect of 
internal parameters (material and its structure) and external conditions (parameters of the cyclic loading) 
under which UFG materials can coarsen under application of cyclic plastic deformation is by far not 
comprehensive. Additionally, there is no generally accepted idea of the strain localization mechanism in 
UFG materials, which precedes the fatigue crack initiation.  
From the recent overview of cyclic deformation and fatigue properties of very fine-grained metal and 
alloys published by Mughrabi and Höppel [1] it follows that in the case of Cu (which is the most 
frequently investigated model material) more or less severe cyclic softening was observed in strain-
controlled fatigue tests, whereas there was almost no cyclic softening in load-controlled tests. Since the 
early studies an effort has been made to understand how the microstructure changed to produce the 
softening and how the changes of microstructure influence the fatigue performance. Agnew and 
Weertman [2] reported the change of original UFG structure of Cu composed of a mixture of fine, 
relatively equiaxed cells and a fine lamellar structure after fatigue under constant total plastic strain 
amplitude to a structure having large angular misorientation between subgrains. That is why the term 
“cell” is often used to characterize the structure after fatigue. It has been found that the cell size 
distribution broadens as the strain amplitude decreases. Later on the development of bi-modal structure 
due to fatigue was reported [3]. Grain coarsening related to a formation of shear bands was experimentally 
confirmed for the plastic strain-controlled tests, e.g. [4, 5]. Under plastic strain-control the cyclic grain 
coarsening increases significantly with decreasing plastic strain amplitude. Contrary to this, cyclic 
softening as well as the intensity of grain coarsening was reported to decrease with decreasing plastic 
strain amplitude in the case of stress-controlled tests [5]. On the other hand, there are studies on UFG Cu 
documenting also the cyclic softening, however the structure remains stable after load-controlled fatigue 
resulting in lifetime in very broad interval of numbers of cycles to fracture [6]. Also fatigue loading with 
tensile mean stress equal to ½ of the ultimate tensile strength does not result in any substantial changes of 
UFG structure detectable by transmission electron microscopy (TEM) or by means of electron 
backscattering diffraction (EBSD) [7].  
The unequivocal evidence of the conditions under which changes of UFG microstructure occur and 
understanding of reasons of this effect are still lacking. On the other hand, it has been experimentally well 
documented that the fatigue cracks initiate at surface at cyclic slip bands, often called macroscopic shear 
bands [8], which are extending over much larger distance than the UFG characteristic distance. Two 
possible mechanisms of their formation have been proposed [8], however, it has generally been found 
difficult to find marked microstructural evidence of the shear bands in the bulk. According to [1] the 
following influences has to be taken into account: purity of material, mode of fatigue testing and 
parameters of the ECAP process. Having this in mind fatigue tests under load control for symmetrical 
cycling, cycling with tensile mean stress and plastic strain-controlled tests on the same UFG Cu were 
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performed in this study with the aim to observe the changes of microstructure and the localization of 
cyclic plasticity into cyclic slip bands, which are sites of fatigue crack initiation and thus decisive for 
fatigue strength.  
2. Material and Experiments 
Copper of commercial purity 99.9 % processed by eight ECAP passes by route Bc was investigated. 
The ultimate tensile strength (UTS) was 387 ± 5 MPa and the yield strength ı0.2 = 387 ± 5 MPa. 
Fatigue testing was performed under load control with maximum loading frequency of 5 Hz in a 
servohydraulic fatigue machine Shimadzu EHF-F1. Loading at higher frequency of 120 Hz was 
conducted on a resonant machine Amsler HFP 5100. The cycling was stress symmetrical with the stress 
ratio R = -1 or with tensile mean stress of 200 MPa. The plastic strain-controlled tests were conducted on 
a servohydraulic MTS 810 system with frequency of about 1 Hz. The cyclic plastic response was detected 
by a clip-gauge extensometer located on the gauge length of the specimen. With the aim to perform load 
controlled tests with very high number of cycles to failure an ultrasonic fatigue system operating at 
20 kHz frequency was used. 
Several types of cylindrical specimens according to the requirements of different fatigue testing 
systems were used. The diameter of the specimen gauge length was 7 or 6 mm. Specimens with 
continuous radius between ends were used for ultrasonic testing. The minimum diameter of this type of 
specimens was 4 mm. A very small flat area on the cylindrical gauge length was machined and carefully 
mechanically and electrolytically polished to enable the observation of microstructure before and after 
cyclic loading. 
Microstructure was examined by EBSD carried out on a SEM Phillips XL30 electron microscope. The 
observation was conducted in such a way that before and after fatigue loading exactly the same specimen 
area was analyzed. This was achieved by marking the examined areas by Vickers indents. The 
observation of deformed surface was performed on Tescan LYRA 3 XMU® scanning electron microscope 
simultaneously with revealing of crystalline grain structure by ion channeling contrast. 
TEM on thin foils prepared from longitudinal sections of billets processed by ECAP or from the 
longitudinal sections of the gauge length of cylindrical specimens after fatigue was performed on CM12 
TEM/STEM Philips electron microscope. Foils observed by TEM were analysed also by means of EBSD 
in SEM Phillips XL30 electron microscope. 
3. Results 
An example of dislocation microstructure of UFG Cu before and after fatigue is shown in Fig. 1. 









Fig. 1. (a) microstructure of Cu after ECAP, longitudinal section; (b) microstructure after plastic strain-controlled fatigue with the 
plastic strain amplitude of Hap = 0.1 %; (c) microstructure after load-controlled fatigue with the stress amplitude ıa = 340 MPa; (d) 
microstructure after fatigue loading with tensile mean stress ımean = 200 MPa and stress amplitude ıa = 190 MPa 
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severely deformed billet after ECAP is shown in Fig. 1 (a). The structure is composed of a mixture of fine 
cells settled in a fine lamellar structure. Dislocation microstructure after plastic strain-controlled loading 
with the plastic strain amplitude of Hap = 0.1 % is shown in Fig. 1 (b). Characteristic bi-modal structure 
consisting of large recrystallized grains with the grain size of some microns embedded in fine cell 
structure can be seen. The boundaries are narrow and the dislocation density in the cell interior is low. The 
contrast between cells indicates a large misorientation between neighbours.  
Cyclic loading with constant plastic strain amplitude Hap = 0.1 % resulted in cyclic softening. The 
stress amplitude ıa at the beginning of the test reached 340 MPa and during the course of the test it 
decreased continuously. The lifetime of the specimen defined by the drop of the starting value of the 
slope of the stress-strain diagram to 0.9 (which roughly corresponds to the drop of the stress amplitude to 
50 % of initial value) was Nf = 5.89 × 103.  
The microstructure shown in Fig. 1 (c) corresponds to the specimen failed in a load-controlled test 
with the stress amplitude ıa = 340 MPa, which is the maximum value reached in the plastic strain-
controlled test. The microstructure is very similar to that of material before cycling; in comparison to the 
initial structure it seems to be “shaken down”, i.e. the dislocation density within the cells is lower and the 
cell boundaries are narrower. No grain coarsening or development of bi-modal structure was observed. 
The number of cycles to failure defined by separation of the specimen into two parts was Nf = 393. 
Fatigue loading in this case also resulted in cyclic softening, which manifests itself by an increase of the 
plastic strain amplitude from 6 × 10-4 to 3 × 10-3 before the end of the test. 
Fig. 1 (d) displays the structure of material after fatigue loading with the tensile mean stress of 
200 MPa and stress amplitude 190 MPa. The structure resembles the structure after ECAP and no 
apparent grain coarsening can be seen. The maximum stress in the loading cycles reached the scatter band 
of UTS. The number of cycles to failure was 528. The final failure was of a ductile type with necking.  
Microstructure of UFG Cu before and after load-controlled fatigue as displayed by EBSD is shown in 
Fig. 2. A combination of an inverse pole figure map and a boundary network is presented. The boundary 
was identified when the misorientation of the neighboring pixels was higher than one degree. Fig. 2 (a) 
represents the initial structure of UFG Cu after ECAP. Fig. 2 (b) shows the same area after the specimen 
failed due to cycling with mean stress of 200 MPa and the stress amplitude ıa = 170 MPa. The 
corresponding number of cycles to failure was 4.5 x 105. Comparison of both figures indicates that there is 
no grain coarsening due to load-controlled fatigue with tensile mean stress. By contrast a weak tendency 
to the decomposition of lager grains was identified.  
In order to examine the influence of application of very high number of cycles on structural stability, 
observation of structure of a specimen failed at the stress amplitude 130 MPa after 5.18 x 109 cycles was 











                  (a)                                             (b)                                                  (c)                                                  (d) 
Fig. 2 (a)  microstructure  before fatigue;  (b) the same area after fatigue;  (c) cyclic slip markings on surface as observed in SEM; 
(d) cyclic slip markings from Fig. 2 (c) together with structure mapping by ion channelling contrast 
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Their length exceeds substantially the grain size. The same area but observed together with ion 
channelling contrast is shown in Fig 2 (d). Obviously, the cyclic slip markings are situated only in the 
region, which can be characterized as a region of “near by oriented grains”. The contrast of neighbouring 
grains in the region where the cyclic slip bands developed is low. On the other hand, the misorientation in 
other regions (left top and right bottom) is high.  
4. Discussion 
A troublesome moment of the discussion of the stability of structure of UFG Cu under fatigue, which is 
hold in literature, is the fact that particular tests were performed on material of different purity and 
produced by ECAP, which technological details differ. Consequently, the properties of UFG structure 
may be diverse. All fatigue experiments performed in this study were carried out on an identical UFG Cu. 
Fig. 1 (b) confirms the often reported coarsening of microstructure and development of bi-modal structure 
due to the plastic strain-controlled fatigue loading. Figs. 1 (c) and (d) indicate no significant grain 
instability after load-controlled fatigue in the case of a test performed with the stress amplitude, which is 
very close to that which was reached during the plastic strain-controlled test. Even a weak tendency to the 
decomposition of larger grains was observed. So the tests on an identical material disrate the role of purity 
in grain coarsening process, which has been previously discussed [1,6]. On the other hand, the purity 
influences the S-N curves in the high- and very high-cycle fatigue region. Lower fatigue strength was 
experimentally determined for UFG Cu of high purity when compared to a low pure Cu [9]. Particularly, 
in the high cycle region the fatigue lifetime is determined by the number of cycles to crack initiation in 
cyclic slip bands. Their development and growth is a process of cyclic plastic localization executed by 
dislocation activity resulting in grain boundary sliding. It seems to be reasonable that with increasing 
purity the dislocation slip is easier and finally for the development of cyclic slip bands lower number of 
cycles is necessary. The foregoing grain coarsening or development of bi-modal structure appears to be 
irrelevant.  
Both stable and unstable behaviour of structure of UFG Cu was observed in this study in dependence 
on the mode of fatigue loading. This experimental finding was obtained on identical UFG Cu prepared by 
severe plastic deformation by route Bc. This excludes the considerations that the reported differences in 
the grain coarsening resistance of UFG structure to cyclic loading might be related to the differences in 
technological parameters of ECAP process applied in different laboratories. 
Ion channelling contrast was utilized for revealing the crystalline grain structure in the vicinity of 
cyclic slip bands produced by low stress amplitudes in load-controlled test, Fig. 2 (d). A set of parallel 
cyclic slip bands intersect the broad band, which is composed of grains (cells) whose misorientation is 
apparently lower than that outside the band. Similar experimental finding was made by EBSD analysis 
with simultaneous observation of the cyclic shear bands in [7]. In both cases no significant grain growth 
was detected in the regions where the cyclic slip bands develop. Shear bands of different width running 
along the shear direction of ECAP process in as-prepared state of material and after fatigue were studied 
by electron channelling contrast by Wu et al. [10]. The observed “white” contrast of shear bands in as-
prepared state of UFG Cu reflects the microstructural inhomogeneity in crystallographic orientation. This 
observation matches well with that shown in Fig. 2 (d) by ion channelling technique. The band in which 
the cyclic slip markings developed after 5.18 x 109 cycles resembles well the band observed by Wu et al. 
by electron channelling contrast. 
The investigation of structural changes due to fatigue presented in [10] brings evidence of pronounced 
recrystalization in the form of isolated grains which form in shear bands existing in structure after ECAP. 
Contrary to this, Fig. 2 (d) does not indicate any obvious recrystallization. However, there is a difference 
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in the loading modes in both cases, namely plastic strain control with the plastic strain amplitude of the 
order of 10-4 in [10] and load control in this work.  
The explanation of the different behaviour of UFG structure of Cu under load and strain control needs 
further investigation. Regarding the excluded effects of purity and details of ECAP method, the attention 
should be focused on the different stress-strain response of material during the first loading cycles in load 
and strain-controlled tests.  
5. Conclusions 
x The plastic-strain controlled test results in development of bi-modal structure of UFG Cu. Load-
controlled loading with the stress amplitude corresponding to the maximum stress amplitude reached 
in the strain controlled test does not result in any significant changes of structure. The stress controlled 
loading in gigacycle region also does not result in any grain coarsening. The effects of purity and 
details in the ECAP procedure do not seem to be responsible for different behaviour under plastic-
strain and load-controlled testing. 
x The localization of the cyclic plasticity and the development of cyclic slip bands resulting in fatigue 
crack initiation take place in material volumes which can be characterized as “near by oriented 
regions” with low angle boundaries. They correspond to the shear bands, which are produced during 
the ECAP treatment. 
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